Exonuclease III, which degrades DNA 3' -*5' and is specific for duplex DNA, can be used to prepare single stranded DNA from linear duplexes. This is shown to be suitable as a template for use with the chain terminator DNA sequencing method of Sanger et al• [1] . Strategies are discussed for preparing single stranded DNA templates by this method and, in particular, its application to the sequence analysis of DNA cloned in plaamid vectors.
INTRODUCTION
The chain terminator DNA sequencing method of Sanger et al. [1] is a rapid and accurate method of DNA sequence analysis. Its main drawback is that it requires single stranded DNA as a template in the primed synthesis reaction. This constitutes a serious limitation to the general application of this sequencing technique since in the case of many double stranded DNA molecules it is difficult or impossible to make pure separated strands in good yield. This paper describes a simple and rapid method for generating pure single stranded DNA by exonuclease III digestion of linear duplex DNA.
Exonuclease III is a 3' -»5' exonuclease which is specific for double stranded DNA [2] . Digestion of a linear duplex proceeds from the 3' ends of both strands and the products of a complete digest should be two single stranded molecules, each approximately half the length of the original duplex, with probably only a small amount of complementarity remaining between them at their 3' ends. These single strands should be resistant to any further degradation by the enzyme [2] .
In this paper it is shown that a linear duplex of DNA can be degraded synchronously with this enzyme and that the resulting single stranded DNA is then suitable as a template for DNA sequencing with the chain terminator method. The strategy used for preparing template DNA by this method depends on whether small or large restriction fragments are to be used as primers in the chain termination reaction. If small primers are used (these are generally less than 200 nucleotides in length) the method involves simply preparing template DNA by carrying out an exorruclease III digest of the linear duplex DNA which is sufficient to expose as single stranded DNA the region of sequence to which the primer hybridises. After inactivation of the exonucleaae III the degraded DNA can be used immediately as a template for the chain termination reaction. When the complementary strand of the restriction fragment is annealed to the template DNA and a priming reaction is carried out, polymerisation then takes place (5' -^3') in the opposite direction to that in which the exonuclease III digestion has occurred (Fig. 1 ).
Since in most cases the template DNA is only partially degraded in order to expose the sequences complementary to the primer, a 'repair' polymerisation simultaneously takes place (5' -•3') from the 3' ends of the template DNA (Fig. 1) ; complementarity remaining between the two strands of the duplex allows these to base pair during the annealing step, and subsequently prime on one another. The template DNA therefore incorporates label in the reaction as well as the chain extension from the primer. This is not a problem because the labelled template DNA, which is normally of high molecular weight and so many times larger than the primer, fractionates on gel electrophoresis well above the band pattern generated by the primer.
However, it is not always possible to use small restriction fragments as primers in a sequence analysis and larger fragments may need to be used.
In such eases these must be cleaved off their radioactive transcripts prior to gel electrophoresis, in order to resolve the sequence pattern on the gel. Normally this is carried out by cleavage with a restriction enzyme. Usually, if the template being used has been prepared by a partial exonuclease III digest, the restriction enzyme used to cleave off the primer will also cleave at sites which may be present in the double stranded region of the template DNA, which has become labelled from the self-priming reaction. This labelled template DNA then fractionates on gel electrophoresia as low molecular weight material, with the labelled oligonucleotides resulting from chain extension from the primer, and therefore obscures the sequence pattern. Two ways are described to circumvent this problem. The first is to extensively degrade the duplex with eionuclease III, whereupon the self-priming of the two template strands on one another is then found to be very inefficient, due to the lack of any significant complementarity remaining between them. Alternatively, DNA which has only been partially degraded with exonuclease III, in order to expose the sequences complementary to the primer, can be 'blocked' at the 3' ends with a dideoxyribonucleoside monophosphate (ddNMP). A protocol is described which involves incubating the template DNA prior to annealing of the primer in the presence of polymerase and each of the ddNTPs. A ddNMP is therefore incorporated onto each of the 3' ends of the template, making it inert to extension during the priming reaction due to the lack of the 3' hydroxyl of the incorporated analogue. When the primer is annealed only this can be used as a substrate for chain extension by the polymerase.
EXPERIMENTAL PROCEDURES

Materials
Exonuclease III was from Miles Laboratories, Ltd. and New England BioLabs, Inc. DNA polymerase I (Klenow subfragment) was from Boehringer Mannheim. EcoRI was from M.R.E., Porton. Hindlll, Haelll and Baml were from New England Bio-Labs, Inc.
G4 KFI DNA, G4 vlrion (+) strand, G4 (-) strand and G4 restriction fragments were all gifts of G.N. Godson. pXLo31 plasmid DNA was a gift of J.R.
Miller. pMB9 plasmid DNA was a gift of W.M. Barnes. The pMB9 EcoRI-Hindlll restriction fragment was prepared from an EcoRI and Hindlll digest of pMB9.
The products of the digest were fractionated by polyacrylamide gel electrophoresis, the gel stained with ethidium bromide and the restriction fragment visualised under short wave ultraviolet light. The DNA was isolated from the gel by the electroelution method of Galibert et al. [3] and finally ethanol- at 20°C. Reactions were terminated by extraction with phenol and then extraction of the aqueous phase with ether. The DNA was then ethanol-precipitated as above and finally dissolved in water to the appropriate concentration for the annealing step. All the above reactions were carried out in polypropylene snap cap tubes. 3' end blocking A procedure which has been used for the blocking of the 3' ends of a partially exonuclease III degraded duplex is as follows:-1.0 pmole of exonuclease III degraded UNA is incubated in 10 pi of 1 x H buffer with 500 (Jl of each ddNTP and 2 units of the Klenow subfragment of DNA polymerase I, in a snap cap polypropylene tube. The reaction is carried out for 1 to at 37°C and terminated by the addition of 1 ^1 of 0.1 M EDTA and by heat inactivation at 70° C for 15 min. To the solution is added 5 jil of concentrated bromophenol blue dye and the mixture is then chromato graphed on a small Sephadex G100 column (in a 1 ml disposable pipette), equilibrated in a buffer of 5 nil Tris-HC1, 0.01 mM EDTA pH 7.6, in order to remove the unincorporated ddNTPs. The DNA is collected from the column when the dye has moved between one third and one half the way down its length. The DNA is then ethanol-precipitated and finally dissolved in water to the appropriate concentration for the annealing step.
RESULTS
Figs. 3, 4 and 5 show the results of chain termination reactions carried out with ddTTP using three different G4 restriction fragment primers, on G4 RFI DNA which was cut at its single EcoRI site and digested with exonuclease III, under the conditions described in the Methods section, for 1, 2, 4, 8 and 20 hr. (The relative location of these restriction fragment primers, known from the G<} restriction map r 5], are shown with respect to the single EcoRI site in Pig. 2.) Fjcs 3, <i and 5 also show primings carried out with the same respective primers on undegraded EcoRI cut G4 DNA and, in order to evaluate the efficacy of preparing single stranded DNA by using exonuclease III, on the separated (plus and minus) strands of G4 DNA. This is as expected on the basis of the known polarity of the plus and minus strands with respect to the G4 restriction map (see Fig. 2 ). There is no contamination with the band pattern corresponding to priming on the minus strand. [3 2 P]dGTP, using as a primer the TaqI restriction fragment 11, on template DNA from the G4 ' + ' and '-' strands and on EcoRI cut G4 RFI DNA digested with exonuclease III for 0, 1, 2, 4, 8 and 20 hr. The position of the primer, which becomes end labelled in the chain termination reaction, is indicated by P, and the position of the pile up point is indicated by T (see text for explanation). The stock concentration of '+' strand used in this experiment was about 0.1 pmole (.1 which is lower than the template concentration normally used. Hence the band pattern resulting from priming on the '+' strand is much weaker relative to the other tracks. On a longer exposure of the gel, the band pattern from priming on the '+' strand can be seen more clearly, and corresponds exactly with that obtained using template DNA from the 4, 8 and 20 hr exonuclease III degraded DNAs. The stock concentration of '-' strand used was as in the legend to Fig. 3 . These results, taken together with the fact that Alul 12 lies close to the centre of the linear duplex, imply that some of the 3' ends of the two strands of the degraded duplex continue to be digested further than would be expected for a complete digest product. A low level of contamination with a The position of an artefact band present in the primings carried out on the exonuclease III prepared templates but not on the G4 '-1 strand is indicated by A. As in the experiments shown in Fig. 4 , the '+' strand stock solution used was lower in concentration than the other template stock solutions (which were all approximately the same strength). Hence the band pattern produced as a result of priming on the '+' strand is weaker relative to the others. Concomitant with the increasing incubation time and the loss of sequence at the 3 1 ends of the two single strands is a decrease in the amount of template self priming. This can be clearly seen in Pig. 5 where, due to the higher ddTTP concentration used, chain extension has not extended very far and label which has been incorporated due to extension from the primer is well separated from the much larger labelled template material. After 20 hr of exonuolease III digestion the amount of label incorporated into the template is the same as in the undegraded duplex.
On the basis of this last observation the experiment shown in Pig. 6 was carried out. This showB the result of a priming reaction using the Haelll G4 restriction fragment 5b annealed to the minus strand and linear G4 duplex DNA which has been degraded for 4 and 8 hr under the same conditions used in the experiments just described. After the chain termination reactions the primer was cleaved off by the addition of one unit of Haelll to each reaction and these left to incubate for a further 10 min at 37°C. A sequence can be derived from priming on the '-' strand which agrees completely with the published G4 sequence [5] . Using the template prepared by a 4 hr exonuclease Figure 6 . III degradation the band pattern obtained is very complex and a sequence cannot be read. This is due to cleavage of the labelled template DNA at the many Haelll sites within it. This labelled template DNA has therefore become reduced to low molecular weight material and become superimposed on the band pattern generated by the primer. In the case of the template prepared by degrading the DNA for 8 hr with exonuclease III, which should show little self priming activity, a sequence can be easily read which compares in accuracy with the one derived from the purified minus strand, although there is one strong artefact band present running across all four tracks.
On the whole, experience has shown that if primings need to be carried out which involve removal of the primer prior to electrophoresis, with a restriction enzyme that will cut the double stranded region of the template DNA in many places, carrying out an exhaustive digestion with exonuclease III is the most simple and efficient way of eliminating the self priming. It is difficult to achieve a completely quantitative incorporation of a dideoxynuleoside monophosphate onto the 3' ends of the template DNA using the 'blocking' protocol described and there is, as a result, a certain amount of background template priming always present. However, in certain situations where the DNA being used to make the template is not entirely pure and is contaminated with low molecular weight DNA or UNA, the blocking procedure can be useful. In such situations a high background of artefact bands is found in the final result, even when the primer is not cleaved off with a restriction enzyme. This is due to priming occurring from the contaminating DNA or RNA. Blocking the 3' ends of the template material prior to annealing of the primer blocks the 3' ends of the contaminating nucleic acid, eliminating the background priming and facilitating a more accurate reading of a sequence. (There is some difficulty in determining residue 108 and it should probably be more correctly indicated as T or G.) This sequence is in agreement with that published by J.E. Miller and G.G. Brownlee [7] except at residue 105 where there is an A residue in the published sequence rather than the G residue shown, here.
same clone by J.R. Miller and G.G. Brownlee [7] using the specific chemical cleavage method of DNA sequencing [8] . This is with one exception, and this is at residue 105 where a strong G band is read instead of a weaker band in the A track, which is in fact the correct residue.
By carrying out the analogous operation of first cleaving at the EcoRI site followed by exonuclease III treatment, template DNA can be prepared from the complementary strand of the insert. The sequence from this strand of the insert can then be derived using the pMB9 Baml-Hindlll restriction fragment as the primer and the sequence is therefore derived starting from the opposite end of the insert. been selected against. This is important since exonuclease III is capable of degrading DNA at nicks in a duplex at a rate comparable to the degradation at the termini of a linear duplex [9] . Although the effect of nicks on the final end product of an exonuclease III digest is not entirely clear, they could conceivably lead to contamination of the template strand with its complementary strand. It may, therefore, be more difficult to apply this method to duplex DNA isolated as a non-covalently closed molecule, although it should be noted that the method has successfully been applied to the .allows the use of large restriction fragments as primers which need to be cleaved off after chain extension with a restriction enzyme. In practice the time necessary to achieve an extensive digestion of this kind is best determined empirically by assaying the self priming activity over times of exonuclease III digestion.
The chain termination procedure does give rise to the occasional appearance of artefact bands. It is also apparent from some of the gels shown here that generating template DNA by using exonuclease III gives rise to a further set of artefacts. For example, compare primings carried out on exonuclease III treated EcoRI cut G4 with primings carried out on the purified plus or minus strands. It is clear that such artefacts found as a result of preparing template DNA in this way are not a result of contamination of the template strand with its complementary strand. If this were the case artefact bands should occur at every position in a track, corresponding to the position of bands resulting from primings carried out on the purified strand complementary to the template. However, it has been found that most of these artefact bands are not base specific, i.e. they run across all four of the base specific tracks of a sequencing gel as, for example, can be seen in Fig. 6 . They are, in fact, found to be present when a priming reaction is carried out with the template DNA in the absence of the primer. Furthermore, because they are template specific, they usually run out of register with the band spacing of the gel and a sequence can sometimes be read through them.
The main limitation of this method for generating single stranded DNA is that for each half of the original linear duplex single stranded DSA can only be made from one of the strands. This is a disadvantage because accurate sequence analysis requires data from both strands for the same region of DNA.
Furthermore, primers which hybridise over the centre of the duplex will not prime uniquely on one strand. However, for a circular molecule with several well distributed single cleavage sites or, for example, two sites diametrically opposite one another, cleavage at each site followed by exonuclease III digestion should in turn generate single stranded DNA from both strands for some, if not all, of the molecule. A similar strategy has already been discussed in relation to the plasmid vector pMB9 which, in common with several related plasmid vectors, has single cutting restriction sites well clustered in one region of the molecule. It is therefore possible to obtain the sequence of a cloned insert from both strands if the site at which the DNA insert has been cloned is flanked on both sides by single cutting restriction enzyme sites. The importance of being able to use the primed synthesis methods of DNA sequencing in the sequence analysis of cloned inserts in this way should be emphasised. By using the flanking sequences of the plasmid DNA as primers (as illustrated in Fig. 7) a. preliminary sequence analysis of the DNA can be carried out without any prior knowledge of the restriction map of the insert.
In conclusion, the use of exonuclease III and indeed other exonucleases, should allow the application of the chain termination sequencing technique to a wide variety of situations where it is difficult to separate the strands of a DNA duplex. Other exonucleases which degrade 5' -*3' and particularly which are specific for a double stranded substrate should be useful since they will provide the complementary strands of a molecule to the ones generated by exonuclease III treatment of a linear duplex. Preliminary experiments with lambda exonuclease indicate that it may be useful in this fashion.
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